An API 579 Level 3 assessment was performed to determine the stresses in a 2% dent in a 20-inch x 0.406-inch pipeline. The intent was to determine the stress concentration factor (SCF) in the dent with a finite element model using geometry data provided from an in-line inspection caliper run. In addition to the analytically-derived SCF, data were also evaluated from a recent experimental study involving a plain dent subjected to cyclic pressure conditions with a profile comparable to the dent in question. This sample was cycled at a stress range of 70% SMYS and failed after 10,163 cycles had been applied. Using the DOE-B mean fatigue curve, combined with the experimental fatigue life, the resulting SCF factor was derived to be 4.20. This value is within 1% of the calculated FEA-based SCF and served to confirm the technical validity of the SCF. The operator provided historical pressure data covering a 12-month period and a rainflow count analysis was performed on the data. Using this data, along with the API X' design fatigue curve, the estimated remaining life was determined for the dent in question and conservatively estimated to be 65 years. This paper provides details on the analysis methodology and associated results, discussions on the empirically-derived SCF with its use in validating the analytical SCF, and application of the results to estimate the remaining life of the pipeline system. It is the intent of the authors to provide the pipeline industry with a systemic approach for evaluating dent severity using caliper and operating pressure history data.
INTRODUCTION
Today's in-line caliper inspection technology provides operators with relatively accurate data that can be used to evaluate the severity of geometrically-related anomalies such as dents, wrinkles, and ovality in pipelines bends. This data, when coupled with numerical analysis methods, can be used to calculate stresses considering loads such as internal pressure. A useful technique is to calculate SCFs for each anomaly detected by the ILI run. When this exercise is done for an entire pipeline system, the relative severity of the anomalies can be compared as an integral part of an integrity management program.
In addition to calculating stresses using numerical methods, numerous experimental studies have been conducted over the past 30 years with many of these focused on plain dents. An optimized solution is achieved when analytically-derived SCFs are validated using experimental results. This paper provides findings from a study conducted to perform a fitness for service assessment of a dented pipeline using actual in-line caliper inspection. An SCF was calculated for the dent and validated using results from a recent experimental study focused on determining the fatigue life of plain dents subjected to cyclic pressure conditions. This combination of analytically and experimentally-derived SCFs was used to estimate the remaining life of the given dent using actual pressure data from the pipeline in question. The sections that follow provide details on the analysis methods and results that were achieved using the ILI data. Also included are the experimental findings from a recent dent study and the results of the fitness for service assessment.
ANALYSIS METHODS AND RESULTS
The primary focus of the study was to use finite element analysis (FEA) to evaluate the severity of the dent in question. This was accomplished by calculating a stress concentration factor that was then verified using recent experimental fatigue data. The sections that follow provide details on the FEA work as well as the validation effort using the empirically-derived SCF.
Finite Element Analysis
To construct the finite element model of the dented region, SES used geometry data provided from an in-line caliper tool inspection run with a portion of the file being shown in Figure 1 
Validating the SCF
After the finite element analysis was completed, empirical data acquired from a recent study involving plain dents was evaluated and compared to the FEA results. The intent was to extract stress intensity factors (SIF) from the experimental results and compare to the FEAbased SCFs. The dents are from a current PRCI study evaluating the fatigue life of plain dents, as well as dents in girth and seam welds. The dents of interest had an initial dent depth of 15% of the pipe's outside diameter and were introduced into 24-inch x 0.311-inch, Grade X52 pipe material. 
The dents in this particular pipe material were cycled from 10% to 80% SMYS until failure occurred. This corresponds to a stress range of 36,400 psi. The profile of these experimental dents are compared to the actual 2% dent profile from the ILI data used in the FEA as shown in Figure 7 . As noted, the curvature associated with the experimental dent profiles are more severe than the FEA data set. Also included in this figure are the cycles to failure and the calculated SIFs for each dent, as well as the final dent depths measured after the dents had been pressure cycled to failure. Note that the dent severity, which started out as 15% of the pipe's outer diameter, was eventually reduced to a level on the order of 2.65% at ambient pressure. This is typical for pipes having relatively large diameter to wall thickness (D/t) ratios (i.e. D/t ratios greater than 50).
Figure 8 provides two photographs taken after all testing had been completed and the dents had leaked. The center of each crack was located approximately 1.25 inches from the center of the dent. Interestingly, this location is very near the one-half dent depth region. In reviewing the data plotted in Figure 6 , it is noted that the maximum principal stress at this location is 27.9 ksi, which corresponds to a stress concentration factor of 2.79. This value is confirmed by the empirically-derived SIFs using the cycles to failure and the DOE Bmean curve [1] that resulted in an average SIF of 2.50 for the six tested dents (cf. see data listed in Figure 7 ). Although Stress Engineering has performed numerous finite element studies that were validated using experimental results, with these six particular dents this was not done.
Consider the results for Sample #7 listed in Figure 7 that was cycled to failure with a pressure range from of 70% SMYS for 21,103 cycles before a failure developed in the form of a thru-wall longitudinally-oriented fatigue crack. Using this experimental fatigue cycle number and the applied nominal stress range, it is possible to calculate an SIF. Note once again that for this particular discuss the SCF is a value derived from analytical methods (e.g. finite element), while the SIF is an empirically-derived value based on experimental fatigue results.
From previous research the DOE-B mean fatigue curve has proved useful in estimating the experimental cycles to failure for dented pipes. Listed below are the specific steps involved in the calculation process used to determine the empirically-derived SIF including data for Sample #7 described above. 1. Use an S-N fatigue curve to determine the stress range for a specified number of cycles to failure. Equation 1 below uses the DOE-B curve to calculate the stress range for a given cycles to failure of 21,103 cycles. In this equation N is the number of cycles to failure and ∆σ is the stress range in units of ksi. In this problem the known is the cycle number and the unknown is the stress range (i.e. solve for the stress range).
(
2. Using N equal to 21,103 from the fatigue test results, the resulting stress range is calculated to be 83.7 ksi by manipulating Equation 1 to solve for the stress range (∆σ) as shown below.
3. Once the stress range is determined using Equation 2, the SIF for the dent is calculated by dividing the 83.7 ksi stress range by the hoop stress range of 36,400 psi (70% SMYS for Grade X52 pipe). The resulting SCF is 2.30.
As noted in the previous section, the SCF based on the FEA model was 4.36 (cf. maximum principal stress state). When one considers that the empirically-derived SIF for an equivalent dent depth was only 2.30, an adjustment to the analytically-derived value was in order. The solution was to evaluate the location where fatigue cracks initiate in actual plain dents. Experience has shown that fatigue cracks initiate on the shoulder of plain dents in a region nearest to the half-depth of the dent (as shown in Figure 8 ). Using the calculated maximum principal stresses from the FEA model at the dent half-depth (and location where the fatigue cracks are most likely to develop) the SCF is 2.79 as shown in Figure 6 . As a point of reference, note that the average calculated SIF for all six dents in the PRCI study was 2.50 using the approach listed above.
The 2.50 SIF value is within approximately 10% of the calculated FEA-based SCF and serves to confirm the technical validity of the analytically-derived SCF at ½ the depth of the dent that was calculated using the actual dent geometry.
APPLICATION OF RESULTS
SES used the pressure cycle data to estimate the remaining life of the dented region of the pipeline. The CRUNCH software package [1] was used to perform a rainflow count analysis on the pressure spectrum. The purpose in completing this exercise is to convert the random pressure cycle data into a meaningful format that permits the generation of a single equivalent pressure cycle data value using Miner's Rule for an assumed pressure range. The steps involved in this process are as follows. 1. Use CRUNCH to convert the raw pressure spectrum data into a file format that counts the number of pressure cycles for a given set of pressure range bins (e.g. 25 psi, 75 psi, etc.
). An example pressure data set id provided in Figure 9 . 2. Use the pressure bin data calculated in Step #1 to make a histogram plot as shown in Figure 10 . 3. Using Miner's Rule, calculate a single equivalent pressure cycle value for an assumed pressure range. Figure 11 shows results for the provided data set. As noted in this figure, the resulting number of cycles for a "mid range" selected pressure range of 350 psi was calculated to be 1,887 annual cycles assuming the 37day pressure profile. This selection of this pressure range is not critical to the calculated results, but is necessary to provide the Miner's Rule sum. In the spreadsheet shown in Figure 11 the number of design cycles remains similar, even when this pressure range is changed. Note that the exponent employed for the Miner's Rule sum is 3.74, which is the same value used in the API X' curve [3] .
See the example equation provided below showing how Miner's
Rule is used to combine numbers of pressure cycles for different pressure ranges as listed in Figure 11 .
5. Using an assumed S-N design fatigue curve (e.g. the API X' curve used in this study), calculate the design cycles for the assumed pressure range (e.g. 350 psi) and the calculated dent
SCF (e.g. 2.79). Note that the SCF has been multiplied by the hoop stress range, which results in a single design fatigue life, which was 122,565 cycles considering the API X' design fatigue curve. 6. Using the calculated fatigue life results from Step #4 and the annual cycle count from Step #3, the estimated remaining design life in "years" of the pipeline can be calculated (e.g. 65 years in this particular case). Figure 11 shows the difference in results between the design fatigue lives calculated using the API X' and the DOE-B curves. It is the authors' opinion that the DOE-B mean cycles to failure curve is well-suited for calculating empirical data (i.e. cycles to failure), while the design margin associated with the API X' design curve makes it better-suited for establishing a remaining life based on design conditions. A design margin for fatigue on the order of 20 is appropriate based on the methods of the ASME Boiler & Pressure Vessel Code [4] . In comparing the DOE-B mean fatigue life of 1335742 cycles to API X' design fatigue life of 122,565 cycles, a ratio of 25.3 results. Although conservative, this design margin is on the order of what is appropriate. Whereas the design margin between the DOE-B mean and design curves is only 2.3; a value that is unacceptably low for alternating stresses that exist in dents.
While the estimated number of cycles to failure is primarily a function of the stress range in the dented region of the pipe, the remaining years of service is determined based on the assumed pressure cycle conditions. A more aggressive pressure cycle condition will result in a shorter remaining life. Provided below in Table 1 
CONCLUSIONS
This paper has summarized findings from a study to evaluate stresses in a 2% dent in a 20-inch x 0.406-inch Pipeline. A finite element model of the dented region was constructed using data from an ILI caliper tool run. A maximum SCF was calculated to be 4.24 using the analysis results, although an SCF on the order of 2.79 seems more appropriate based on the results generated from the testing program. This latter value is also consistent with the empiricallyderived SIFs calculated using data from the ongoing PRCI dent study.
Historical pressure cycle data for a one year period was used to estimate the remaining life using the API X' curve for the given 2% dent. Using the SCF of 2.79, the estimated remaining life ranges from 65 years for the more aggressive cycle condition (June 18, 2009 to July 25, 2009), whereas using the pressure cycle data prior to this date the estimated remaining life is 3,011 years.
FINAL COMMENTS AND CONSIDERATIONS
A final series of cautionary comments are provided in relation to estimating the future performance of the damaged pipeline. First, no detailed consideration of prior cyclic pressure service has been made in this assessment. This is unlikely to be an issue for this particular pipeline and if the prior data is consistent with the pressure cycle data prior June 2009, one can conclude that the cumulative damage in the dent is likely to be insignificant. A second comment concerns the assumed accuracy of the ILI data. It is the authors' observation that inline inspection tools can under-predict the severity of dent profiles. In reviewing the data plotted in Figure 7 , the experimental data demonstrate a sharper profile than observed with the ILI geometry. The differences that exist between the experimental and analytical data are not sufficient to dismiss the accuracy of the assumed geometry. Finally, it is essential that no cracks be present in the dented region of the pipe as it will significantly reduce the remaining life of the dent when considering cyclic pressure. 
